Molecular surface plasmon resonance (SPR) sensing is one of the most common applications of an array of periodic nanoholes in a metal film. However, metallic nanohole arrays (NHAs) with low-hole count have lower resolution and SPR sensing performance compared to NHAs with high-hole count. In this paper, we present a compact three-dimensional (3D) plasmonic nanostructure with extraordinary optical transmission properties benefiting from surface plasmon matching and enhanced localized surface plasmon coupling. The 3D nanostructure consisted of a gold film containing a NHA with an underlying cavity and a gold nanocone array (NCA) at the bottom of the cavity. Each nanocone was aligned with the nanohole above and the truncated apex of each nanocone was in close proximity (100 nm) to the gold film. The NHA-NCA structures outperformed conventional NHA structures in terms of bulk sensitivity and Figure of Merit (FOM). Furthermore, the NHA-NCA structure with 525-nm periodicity was capable of sensing streptavidin down to 2 nM exhibiting a 10-fold increase in streptavidin sensitivity compared to conventional NHA structures. The sensitivity and performance of the 3D nanostructure can be further improved by exploiting multiplexing methods in combination with stable light sources and detection systems.
Introduction
Surface Plasmon Resonance (SPR) sensing has been recognized as one of the most important applications of metallic nanostructures and has been exploited for the detection of molecules [1, 2] . The surface plasmon (SP), or physically exact surface plasmon polariton (SPP), is a collective oscillation of the free electron gas at the interface between a metal and a dielectric; it is a longitudinal wave propagating along the metal-dielectric interface producing evanescent fields in the metal and in the dielectric [3] . The SPR sensing principle is based on a change in the coupling conditions between an incident light beam and the SP due to a change in the surrounding dielectric material, e.g. resulting from material adhesion onto the metal, changing the refractive index architecture [4] . Localized surface plasmon resonance (LSPR), on the other hand, is the collective oscillation of the free electron gas in a metal nanoparticle leading to an absorption band whose location also depends on the refractive index architecture around the nanoparticle [5] .
A periodic array of nanoholes in a metal film allows wave vector matching between an incident light on a nanohole array (NHA) and the SP waves existing at the interface between a metal and a dielectric. This effect results in an interaction of the light with the SP waves [6] . The excitations of SP waves by an incident light on NHAs generate transmission based SPRs or so called extraordinary optical transmissions (EOTs). The EOTs of a NHA depend greatly on the dielectric functions of the metal and the dielectric materials and geometrical parameters of the NHA (hole spacing, hole arrangement and hole size) [7] . However, an individual nanohole can produce transmission based LSPR, which is associated to an interaction of the incident light with an LSP around the nanohole. Both an individual nanohole and a NHA have enhanced electric field intensity around each nanohole at the corresponding resonance wavelengths.
Both LSPR of a single nanohole and SPRs of a NHA were extensively exploited in LSPR or SPR-based detection of chemicals and molecules [2, 6] . However, in the context of the NHA literature, SPR sensing performance of a NHA were evaluated by bulk sensitivity (nm per refractive index unit (RIU)) and figure of merit (FOM (1/RIU)). The bulk sensitivity is well known as SPR peak shift (nm) of a NHA per RIU and the FOM is recognized as the bulk sensitivity over the peak width (FWHM) of the SPR. Nevertheless, the FOM terminology for nanoparticles and a signal nanohole is defined differently and it is calculated based on LSPR peak shifts per RIU. In this context, we use performance metrics associated to the NHA and name all resonances SPR despite some of them being local.
Kretschmann-based SPR sensing remains the most sensitive method and has motivated several groups to study methods to improve the bulk sensitivity and FOM of NHAs [8] [9] [10] [11] [12] [13] [14] . Based on recent studies, SPR performance of NHAs was improved by narrowing the resonance peak width, incorporating a smooth metal surface, index matching the substrate and the sensing material, and using design strategies to increase the electric field near the nanoholes. For example, it was reported for a bulk SPR sensing experiment (where the environmental refractive index is changed) that the bulk sensitivity of a NHA in a gold film reached Kretschmann-like performance when the substrate was index-matched to the analyte, the gold NHA was fabricated with an ultra-smooth surface, and elliptical hole shapes were used [9] . Further improvements to the bulk sensitivity and FOM of metallic NHAs were achieved by fabricating the NHA with dimensions larger than the excited SP propagation length, which constructively enhanced the excited SP interactions thereby improving the transmission efficiency of the resonance and narrowing the resonance peak width [15] . Various transmission resonances of a NHA are associated to different SP excitation modes based on the relationship between the scattering order of the holes, similar to Bragg diffraction in a crystal [6] . The transmission resonances are therefore classified with a number combination (x,y) regarding the plane of the NHA. The bulk sensitivity of various transmission resonance modes of a NHA are different and the maximum bulk sensitivity has been achieved for the (1, 0) transmission resonance of a NHA [13] . For example, the (1,0) resonances of large NHAs were reported to have bulk sensitivity as high as 600 nm per refractive index unit (nm/RIU) [8, 16, 17] , while the bulk sensitivity and FOM of a NHA with low hole count (i.e. less than 100) for the (1, 0) resonance was 286 nm/RIU and 4.1
(1/RIU), respectively [16] .
Some attempts to improve bulk sensitivity of a low-hole-count NHA were tested by incorporating Bragg reflectors into the structure [12, 18] . Our group recently observed that a lowhole-count NHA with a large integrated cavity provided a 1.6-fold improvement in bulk sensitivity compared to a NHA structure without a cavity, due to dynamic SP matching between the top and the bottom of the NHA [14] . The matching between SP propagating along the top and the bottom of the NHA were very similar due to the symmetric gold structure in the case with the cavity and therefore enhanced the transmission resonance by multiple fold [19] . Threedimensional (3D) metallic nanostructures consisting of co-registered nanoholes and nanodisks have recently been reported and shown to exhibit transmission resonances due to coupled LSP interaction between nanoholes and nanodisks through enhanced electric fields [20] . In bulk SPR sensing, the 3D metallic nanostructures had a higher bulk sensitivity than low-hole-count NHAs with cavities, but the resonance peak width was broader [20] . Building upon these prior results, the objective here was to design a new 3D nanostructure with improved bulk sensitivity and FOM, where transmission resonances resulted from the coupling and interaction of both LSP and SPP. The approach was to devise a structure with enhanced electric field near each nanohole by incorporating dynamic-SP matching and one flat metal surface. We fabricated a 3D metallic nanostructure consisting of a NHA in a gold film with an underlying cavity carrying a gold nanocone array (NCA) at its bottom ( Figure 1 ). The gold NCA was responsible for generating strong LSP interactions between each nanohole and nanocone as well as providing for coupling between the SPP and the LSP of the NHA and NCA, respectively.
We performed both simulations and experimental studies to determine the transmission resonance properties of the NHA-NCA structures. Various NHA-NCA structures with different geometries were fabricated and tested as bulk SPR sensors. The NHA-NCA structures were functionalized with a binary mixture of OH-terminated and biotinylated thiols and evaluated as molecular SPR sensors for streptavidin.
We employed an electron beam lithography and liftoff fabrication process to create the NHA in an 80-nm-thick gold film on a Pyrex substrate. Extensive description of the NHA fabrication methodology has been reported previously [21] . Prior to 80-nm gold deposition and the liftoff process, a 6-nm-thick Ti adhesion layer was evaporated on to the substrate using electron beam deposition. After fabrication, the NHA sample was immersed in Ti etchant (TFTN, Transene company, Inc.) for 70 seconds to remove the Ti adhesion layer and create a 250-nm-deep cavity within the Pyrex substrate beneath the NHA in the metal film. A 150-nm-thick gold film was deposited by electron beam evaporation on top of the freestanding gold NHA and resulted in a thickening of the gold film to 230 nm and formation of a NCA at the bottom of the cavity. A schematic of the fabrication processes before and after gold deposition is shown in Figure 1 We employed Finite Difference Time Domain (FDTD) simulations (Lumerical Inc., Vancouver, Canada) to compute the optical transmission properties of the NHA-NCA structures. In the simulation model, we used an incident plain wave propagating in the direction normal to the sandwich structure. Periodic and perfectly matched layer boundary conditions were used in xy directions and at the z boundaries, respectively. The minimum mesh size was three nanometers. absorption resonances, at 678 nm and 847 nm, related to the truncated apex and the base, respectively as seen from the electric field distribution for each absorption peak (Figure 2 (b) ).
The highest electric field intensity (hot spot) was found at the perimeter of the truncated apex of the nanocone, which had a dipolar mode due to the excitation of LSP. The dipolar mode stems from strong electric field distributions (hot spots) on the two opposite sides of the nanocone perimeter (data not shown). Based on previous work on similar structures [23, 24] , it has been shown that a strong electric field is confined to the tip of the nanocone. As a result, the absorption peak at 678 nm from the truncated surface of the gold nanocone was due to the vertical LSP excitations of the nanocone, which eventually resulted in the LSP absorption at the apex. Moreover, the simulation intensity maps for wavelengths between 550 nm and 780 nm The LSP coupling between the nanocone and nanohole was stronger for the (-1, 0) resonance than the (1, 1) resonance, which was due to the deeper SP decay length from the metal film into the dielectric at longer wavelengths [3] . In addition, LSP absorption was apparent above 800 nm due to the base of the nanocone. Furthermore, the NHA-NCA was responsible for SP-light spectral resonance positions depended greatly on the spacing between the nanoholes. However, we observed that the (-1, 0) resonance was further divided into two resonances when the periodicity was larger than 500 nm. The reason behind this phenomenon was the LSP interaction between nanohole and nanocone, which became dominant and generated two individual resonance peaks. To measure the optical transmission of the 3D gold nanostructures, we employed an inverted microscope (TE300, Nikon, Japan) equipped with a photometer, monochromator, and photomultiplier-based detector (PTI, Birmingham, NJ). The incident illumination (Halogen lamp, 12 V, 100 W, Ushio Inc., Tokyo, Japan) was focused on to each 3D nanostructure array using the bright field condenser. The illumination angle was controlled to within ± 6° of normal Figure 3 (a) as a function of periodicity. As expected from earlier experimental and theoretical analysis (see Refs [13, 14] ), the bulk sensitivity of the 3D nanostructures increased with increasing periodicity.
The maximum bulk sensitivity (593 nm/RIU) and FOM (12.90 1/RIU) was found for the 3D nanostructures with 550-nm periodicity. Therefore, for bulk SPR sensing, the 3D nanostructure had a larger than 2-fold higher bulk sensitivity and in excess of 3-fold greater FOM compared to reported results (see Refs. [12, 16] ) for conventional NHAs with low hole count. Moreover, the lowest concentration of streptavidin (2 nM) was only detectable with the 3D nanostructure with 525-nm periodicity, where the detection certainty of the LOD was calculated at 95% confidence interval [25] . This finding substantiates the observation of higher bulk-SPR sensing for devices with larger periodicities compared to devices with smaller periodicities (e.g.
see Refs [13] ).
Previously, large conventional NHAs with 650-nm periodicity and 400-µm 2 area were used to detect streptavidin binding by monitoring the spectral SPR shift [17] . The average resonance peak shift for high concentrations of streptavidin (20 µM) was found to be between 3.5 nm and 4 nm. In another study, a multiplexed arrangement of NHAs, each with an area of approximately 40 µm 2 and providing a variety of resonance positions, were shown to improve the limit of streptavidin detection down to 25 nM with the use of a stable laser source and cooled CCD camera [10] . In comparison with these previous studies, our 3D nanostructure was capable of sensing a 10-fold lower streptavidin concentration (2 nM) without the use of a laser or a cooled CCD camera. Therefore, it is expected that the detection limit of streptavidin with our 3D nanostructure could be reduced below 2 nM by implementing a stable light source and a cooled detector. Based on the bulk sensitivity measures, the NHA-NCA structures offer improved performance compared to conventional NHAs. Improved performance is likely due to a combination of factors. First, the NHA-NCA structure benefits from dynamic surface plasmon matching between the top and bottom surfaces of the gold NHA membrane due to the presence of the cavity [14] . Second, the bottom surface of the NHA membrane has an ultra-smooth metal surface, which resulted from the polished surface of the Pyrex substrate (with roughness parameter, Ra <15Å) prior to etching. However, the top surface roughness of the NHA was about 1.9 nm as reported previously in Ref [21] . Third, the highly localized electric field between the nanohole and the nanocone due to the LSP interactions enable high sensitivity of this region of the device to changes in refractive index of the intermediate dielectric materials. Fourth, there were no Ti adhesion layers in the NHA-NCA structure to reduce optical performance, which resulted in higher bulk sensitivity of the NHA-NCA structure as reported for NHAs in previous studies [21, 26] . One disadvantage of the NHA-NCA structure is the lower transmission efficiency at the resonances compared to the resonance transmission efficiency of a conventional NHA. According to experimental results, the resonance transmission efficiency for the NHA-NCA was almost 42-fold lower than the NHA structure prior to forming a NCA. Lower transmission was a consequence of the optical absorption properties of the nanocone, a thicker NHA gold film, smaller nanohole size, and nanocone shadowing effects on each incident nanohole [20] .
In conclusion, a 3D nanostructure consisting of a metallic film with a NHA, a cavity beneath the NHA, and a NCA at the bottom of the cavity was designed, fabricated, and tested through simulations and experiments. Experimental measurements of the NHA-NCA structure revealed transmission resonances due to LSP interactions between the nanocones and nanoholes and SPP interactions related to the NHA. A series of NHA-NCA structures were studied in bulk SPR sensing and found to have higher bulk sensitivity and FOM compared to conventional NHAs.
Furthermore, NHA-NCA structures were employed for the detection of streptavidin. Compared to conventional NHA structures, one of the NHA-NCA structures was able to reliably detect streptavidin down to 2 nM, which exceeded the sensitivity of multiplexed detection methods (25 nM) [10] . In future work, a multiplexed SPR sensor based on an array of NHA-NCA structures can be designed to improve the LOD for biomolecules over the integration method used to evaluate NHA-NCA structures described in this work.
